[1] Changes in the rates of nitrogen (N) cycling, microbial carbon (C) substrate use, and extracellular enzyme activities in a Mojave Desert ecosystem exposed to elevated atmospheric CO 2 suggest shifts in the size and/or functional characteristics of microbial assemblages in two dominant soil microsites: plant interspaces and under the dominant shrub Larrea tridentata. We used ester-linked phospholipid fatty acid (PLFA) biomarkers as a proxy for microbial biomass to quantify spatial and temporal differences in soil microbial communities from February 2003 to May 2005. Further, we used the 13 C signature of the fossil CO 2 source for elevated CO 2 plots to trace recent plant C inputs into soil organic matter (SOM) and broad microbial groups using d
C (‰). Differences between individual d
13 C PLFA and d 13 C SOM for fungal biomarkers indicated active metabolism of newer C in elevated CO 2 soils. Total PLFA-C was greater in shrub microsites compared to plant interspaces, and CO 2 treatment differences within microsites increased under higher soil water availability. Total, fungal, and bacterial PLFA-C increased with decreasing soil volumetric water content (VWC) in both microsites, suggesting general adaptations to xeric desert conditions. Increases in fungal-to-bacterial PLFA-C ratio with decreasing VWC reflected functional group-specific responses to changing soil water availability. While temporal and spatial extremes in resource availability in desert ecosystems contribute to the difficulty in identifying common trends or mechanisms driving microbial responses in less extreme environments, we found that soil water availability and soil microsite interacted with elevated CO 2 to shift fungal and bacterial biomarker abundances in Mojave Desert soils.
Introduction
[2] The responses of soil microbial assemblages to changing atmospheric CO 2 concentrations will depend primarily on the indirect effects of elevated CO 2 on plant processes which provide the key energy resources for microbes (e.g., root exudates, rhizodeposition, litter) [Kandeler et al., 1998; Hungate et al., 2000; Pendall et al., 2004; Drigo et al., 2008 ]. These microbial community-level responses will be mediated by the interactions between available soil C resources (e.g., quantity and quality), specific microbial substrate demands related to stoichiometric constraints (i.e., bacterial versus fungal C:N ratio) [Ziegler and Billings, 2011] , and the physiological differences between active soil microbial functional groups [Billings and Ziegler, 2005; Strickland and Rousk, 2010] . Microbial dynamics are also involved in nutrient feedback mechanisms that affect plant productivity. Soil microbial activity can be C-limited [Zak et al., 1996; Schaeffer et al., 2003] , so shifts in microbial community composition driven by plant C inputs could impact microbially mediated N cycling processes that can feed back to plant growth [Smith et al., 2000; Zak et al., 2000; Jin and Evans, 2007] . Some studies have found no compositional changes in microbial assemblages associated with altered microbial activities under elevated CO 2 [Zak et al., 2000; Rønn et al., 2002; Ebersberger et al., 2004] , while others show no measureable changes in soil microbial activity although compositional changes under elevated CO 2 are evident [He et al., 2010] . Several studies, however, have linked CO 2 -induced changes in microbial processes with changes in soil microbial community composition [Montealegre et al., 2002; Billings and Ziegler, 2005; Janus et al., 2005] . In addition, changes in microbial function can still occur in the absence of compositional shifts as measured by PLFAs or polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) [Chung et al., 2006] .
[3] The climate in extreme desert environments, coupled with both temporal and spatial extremes in resource availability, contribute to the difficulty in identifying common trends or mechanisms that drive microbial responses in less extreme environments. Field studies on soil microbial responses to elevated CO 2 are dominated by experiments conducted in more mesic forest, agricultural, or grassland ecosystems, with a few studies from more xeric scrub or Mediterranean climates. Soil microbial responses to elevated CO 2 in extreme arid ecosystems, however, is limited to a single experimental site in the Mojave Desert, Nevada Desert FACE (Free-Air Carbon Dioxide Enrichment) Facility (NDFF; Nevada, USA) [Jordan et al., 1999] . Deserts comprise almost one-third of the terrestrial biosphere [Nobel et al., 1996] , and plant and soil processes in arid ecosystems are likely to be among the most responsive to increasing concentrations of atmospheric CO 2 [Melillo et al., 1993; Hungate et al., 1997; Owensby et al., 1999] . Shifts in microbial community compositions and functions in arid ecosystem responses to rising atmospheric CO 2 , therefore, could have significant impacts on global biogeochemical cycling of C and N.
[4] In semiarid and arid environments, temporal and spatial heterogeneity in resource availability as well as in the distribution of soil microbial communities themselves interact to constrain biological activity. Pulses in water and nutrient availability following rainfall events trigger pulses in biological activity [Fierer and Schimel, 2002; Austin et al., 2004; Xiang et al., 2008] . Aridland soil resources also vary spatially within a resource-poor matrix of plant interspace areas punctuated by "islands of fertility" under perennial vegetation [Schlesinger et al., 1996; Titus et al., 2002] . Biological activity in these arid environments is thus pulse-adapted in both time and space, with water availability acting as the primary control on activity. Thus, flows of nutrient and energy in arid ecosystems under increasing atmospheric CO 2 will also depend on how soil microbial communities respond to variability in current and future rainfall patterns [Mikha et al., 2005; Schimel et al., 2007; Gordon et al., 2008] .
[5] In the Mojave Desert, elevated CO 2 has enhanced aboveground plant C inputs into the soil [Smith et al., 2000; Nowak et al., 2004; Housman et al., 2006] and increased rates of microbial C and N transformations [Billings et al., , 2004 Schaeffer et al., 2003; Jin and Evans, 2007] . In addition, the amount and diversity of C substrates used by soil microbes as well as extracellular enzyme activities involved in microbial C, N, and P cycling (cellobiohydrolase, leucine aminopeptidase, alkaline phosphatase) has increased under elevated CO 2 in soils under the dominant shrub Larrea tridentata [Jin and Evans, 2007] . In that study, it was hypothesized that general increases in microbial activities under elevated CO 2 were attributable to greater microbial biomass in interspace soils, and to increased microbial turnover rates and/or activity levels rather than microbial pool size in shrub microsite soils. These observed changes in microbial C and N cycling further suggest potential shifts in the functional composition or structure of soil microbial assemblages.
[6] The objective of this study, therefore, is to determine whether previously reported changes in microbial process rates are concomitant with measurable changes in fungal and/or bacterial abundances and C utilization relationships in soil microbial communities in Mojave Desert soils at the NDFF. We assessed changes in microbial functional structure and functional group abundances by using ester-linked phospholipid fatty acid biomarkers (PLFAs) to identify broad classes of soil microorganisms [Ringelberg et al., 1989; Tunlid and White, 1992; Zelles, 1999] . We examined soil PLFA biomarkers from the NDFF from February 2003 to May 2005 in soils from the two dominant microsites, plant interspaces and under Larrea tridentata. Specific shifts in microbial community diversity or species composition cannot be resolved using PLFAs, but biochemical profiling via PLFA biomarkers can be used to evaluate spatial and temporal patterns in general microbial community characteristics, such as the abundances of different microbial functional groups. Further, changes in microbial substrate utilization can also be assessed using the stable C isotopic composition of different PLFA biomarkers.
[7] The use of an isotopically distinct CO 2 source for implementing the elevated CO 2 treatment provides a powerful tool for assessing changes in natural assemblages of soil microorganisms via the stable carbon isotope ratios of individual PLFAs [Abraham et al., 1998; Waldrop and Firestone, 2004] . At the NDFF, a change in CO 2 source in February 2003 resulted in a −11.4 ± 2.3‰ difference in the d 13 C of CO 2 in the air above elevated treatment plots relative to ambient plots [Schaeffer, 2005] . This change in the d 13 C of atmospheric CO 2 was used to follow the transfer of recently fixed C from plants into soil organic matter and microbial PLFAs during the 2 year study period. Previously measured changes in C use and extracellular enzyme activities, particularly those involving organic N and P cycling, suggested increases in soil fungal activity and/or fungal abundance in soils exposed to elevated CO 2 . In this study, therefore, we hypothesized: (1) an increase in the relative fungal component of the soil microbial community in soils exposed to elevated CO 2 relative to ambient soils; (2) that changes in microbial community structure over time (i.e., fungal-to-bacterial PLFA-C ratio) and concomitant shifts in the use of recently fixed C would be reflected in d 13 C PLFA relative to the d 13 C of soil organic matter (d 13 C SOM ) in plots exposed to elevated CO 2 ; and (3) that soil moisture availability will be positively correlated with soil microbial biomass (i.e., total PLFA-C), particularly in interspace soils exposed to elevated CO 2 given previously reported increases in microbial activities under high water availability [Jin and Evans, 2007] .
Materials and Methods

Study Site
[8] The study was conducted at the Nevada Desert FreeAir Carbon Dioxide Enrichment Facility (NDFF), 15 km north of Mercury, NV, USA (36°49′N, 115°55′W; elevation 965-970 m) [Jordan et al., 1999] . The community is dominated by shrubs (Larrea tridentata (DC.) Cov., Ambrosia dumosa (A. Gray) Payne, Lycium andersonii (A. Gray), Lycium pallidum (Miers var. oligospermum C. Hitchc.)), and perennial grasses (Pleuraphis rigida Thurber, Achnatherum hymenoides (Roemer and Schultes) Barkworth). Crytobiotic soil crusts can dominate plant interspaces [Jordan et al., 1999] , and contain both autotrophic and heterotrophic organisms including lichens, bryophytes, and cyanobacteria. The long-term mean annual precipitation (MAP) is 140 mm [Hunter, 1994] . MAP during this study was 149 mm, 123 mm, and 242 mm in 2003, 2004, and 2005 , respectively, with significant within-year variation [Charlet, 2007] . Soils are Typic Haplocalcids derived from calcareous alluvium, with textures ranging from loamy sands in surface horizons to coarse sands in the subsoil horizons and no caliche layer in subsoils [Jordan et al., 1999] . Soil pH is alkaline, and ranges from 8 to 9 at all depths [Jordan et al., 1999] .
[9] The site was established in April 1997, consisting of nine 23 m diameter circular plots exposed to three CO 2 treatments using free-air carbon dioxide enrichment (FACE) technology [Hendrey and Kimball, 1994] . Three plots each were maintained at either ambient atmospheric CO 2 (380 mmol CO 2 mol −1 ) or at 1.5 X ambient CO 2 (550 mmol CO 2 mol −1 ). Treatment concentrations were applied to plots by pushing in either ambient air or ambient air mixed with pure CO 2 (added by a mass flow controller) through vent pipes [Jordan et al., 1999] . There were also three nonblower control plots (i.e., no FACE ring structure). Treatments were maintained continuously except when air temperatures fall below 3°C or at wind speeds > 7 m s −1 , resulting in operating 98.4% to 98.1% of the time from 2003 to 2005. Site operational statistics are available online (http://www.unlv. edu/Climate_Change_Research/NDFF/co2_treatment.htm).
[10] The d 13 C of CO 2 in the air in ambient plots varies between −8.2 ± 0.3 and −8.5 ± 0.4‰. The d 13 C of source CO 2 measured prior to atmospheric mixing was approximately −6‰ until February 2003, after which time the CO 2 supply was changed due to a shift in commercial supplier. The new source d 13 C was approximately −30‰. This shift in the source CO 2 value resulted in a consistent −8 to −11‰ difference in the atmospherically mixed CO 2 in the air above elevated plots compared to ambient plots [Schaeffer, 2005] . The CO 2 source change was reflected in the foliar isotopic composition of Larrea tridentata (Figure 1 ).
Soil Sampling
[11] Soil samples were collected from a suspended sled attached to a rotating walkway to limit soil disturbance and prevent destruction of the cryptobiotic soil crust [Jordan et al., 1999] . Soils from the top 5 cm of the soil horizon were sampled in the six treatment plots using a 5 cm diameter PVC soil sampling device at seven sampling dates: February, April, July, and September 2003; October 2004; and February and May 2005 . Soils were sampled from three separate, randomly selected locations within each plot from each of two microsite types: plant interspaces and under the dominant shrub Larrea tridentata. Cryptobiotic crust, if present, was gently brushed off before soil collection. Samples were composited by microsite for a total sample size of ∼100 g fresh weight. Soils were thoroughly homogenized, passed through a 2 mm sieve, and frozen within 3 h of sample collection. Roots that passed through the sieve were removed by hand, but particulate organic matter in soils from either microsite was not removed. Prior to freezing, 20 g subsamples were weighed, oven-dried at 50°C for 72 h, and reweighed for soil water content. Soil water content was then converted to volumetric water content (%) using measured soil bulk densities. Frozen soil samples were lyophilized and stored at −70°C in the dark until extraction for phospholipids. Values are presented as treatment means per g dry soil ± one standard error (se). [12] Soil subsamples were analyzed for the C isotopic composition of soil organic matter (d 13 C SOM ). Prior to isotopic analysis of organic C, inorganic C (i.e., carbonates) was removed to determine carbonate-free d 13 C SOM . Acid was added to soils (3 N H 3 PO 4 ; 1 g: 3 mL soil:acid ratio) and allowed to sit overnight, rinsed three times with deionized (DI) water to remove residual acid, then dried at 60°C and reground. Carbonate content based on total mass loss during acid-washing ranged from 76% to 84%. Testing of this method on native carbonate-free soils indicated that d 13 C SOM was not significantly different between acidwashed soils compared to soils washed with deionized water or unwashed soils [Schaeffer, 2005] . Soil samples were analyzed on an elemental analyzer coupled to a ThermoFinnigan Delta + XP via a Finnigan GC/CIII combustion interface at the Washington State Laboratory for Biotechnology and Bioanalysis 2 Stable Isotope Core.
Soil Organic Matter
[13] Larrea tridentata foliar d 13 C was measured in replicates (n = 3 to 6) of foliage sampled from each of the six CO 2 treatment plots immediately prior to CO 2 source change and then throughout March to June 2003 to 2005. All plant samples were oven-dried for 48 h at 60°C, ground to a fine powder, and analyzed with an elemental analyzer coupled to an isotope-ratio mass spectrometer (ThermoFinnigan MAT, Bremen, Germany) at the University of Arkansas Stable Isotope Laboratory (Fayetteville, AK, USA), the University of Georgia's Stable Isotope/Soil Biology Laboratory (Athens, GA, USA), or Washington State University's Stable Isotope Core (Pullman, WA, USA). Plant standards were analyzed in each laboratory to ensure analytical consistency across isotope laboratories.
Phospholipid Fatty Acid Analysis
[14] Approximately 50 g of lyophilized soil was extracted using a modified Bligh-Dyer procedure to provide adequate microbial biomass for determining the C content, relative abundance, and isotopic composition of PLFA biomarkers [Bligh and Dyer, 1959; White and Ringelberg, 1998; Pinkart et al., 2002] . A silicic acid phase column on a vacuum manifold was used to separate the neutral lipids, free fatty acids, and phospholipids from one another in each sample after lipid extraction [Dobbs and Findlay, 1993; White and Ringelberg, 1998 ]. Following mild alkali hydrolysis with KOH and acidification with HCl, fatty acids in the phospholipid fraction were converted to their corresponding fatty acid methyl esters (FAME) using BF 3 in methanol [Dobbs and Findlay, 1993] .
[15] Processed FAME samples were analyzed at the University of Arkansas in 2003 and at Washington State University in [2004] [2005] . All lipid extraction methods were identical at both locations. Fatty acid methyl esters were identified using a gas chromatograph (Hewlett Packard HP 5890 series II plus, Palo Alto, CA, USA) with a 70% cyanopropyl polysilphenylene-siloxane column (SGE BPX-70; 60 m × 0.25 mm × 0.25 mm), and interfaced with a mass selective detector (HP 5970B). Unknown FAMEs were identified by comparing retention times and mass spectra against a combination of known standards (Bacterial Fatty Acid Methyl Esters and 37 component FAME standards, Supelco Co., Rockford, IL, USA) and mass spectral libraries (National Bureau of Standards). The concentrations of individual FAMEs in 2003 were determined by GC-flame ionization detection (GC-FID) using the same GC parameters as for GC-MS analysis. The isotopic compositions of individual fatty acids were determined using an HP6890 GC coupled to a Finnigan Delta + via a Finnigan GC/CIII combustion interface located at the University of Arkansas Stable Isotope Laboratory. Concentrations and isotopic compositions of individual fatty acids from 2004 and 2005 were determined using a Trace-GC coupled to a Thermo-Finnigan Delta + XP via a Finnigan GC/CIII combustion interface at the Washington State Laboratory for Biotechnology and Bioanalysis 2 Stable Isotope Core. Weight percent recovery was determined from a known amount of phospholipid standard (1,2-diheptadecanoyl-sn-glycero-3-phosphocholine; Avanti Polar Lipids) added to subsamples of soil which were extracted, methylated, and analyzed along with unamended samples.
[16] A correction for the methyl carbon addition from BF 3 /methanol derivatization was calculated for each fatty acid by mass balance from the analysis of free and methylated internal standards of tridecanoic and tricosanoic acids [Abrajano et al., 1994] . PLFA biomarker C (mg C g −1 ) was used as a proxy for examining microbial biomass C dynamics. Functional groups were assigned to PLFAs following Ringelberg et al. [1989] , Zelles et al. [1992] , and Zelles 
Statistical Analyses
[17] A repeated measures mixed effects analyses of variance (ANOVA) was used to assess the fixed effects of sampling date and CO 2 on L. tridentata foliar d 13 C (‰). Split-plot, repeated measures mixed effects ANOVAs were used to assess the fixed effects of sampling date, CO 2 , and microsite on soil organic matter d 13 C (‰), soil total PLFA-C abundance (mg C g −1 ), functional group PLFA-C, PLFA relative abundance (%), and PLFA d 13 C (‰) (PROC MIXED; SAS, Inc, Cary, NC). Microsite was identified as the subplot factor, plot as the random factor, and the covariance structure of all analyses accounted for unevenly spaced sampling dates [Littell et al., 1996] . Changes in d 13 C PLFA in response to CO 2 treatments were assessed by calculating the difference between individual PLFA d 13 C and soil organic matter d 13 C (D; ‰) for each ambient and elevated CO 2 treatments [Billings and Ziegler, 2005] . Because SOM did not vary by sampling date (see results below), D values for each PLFA were calculated using the mean SOM value averaged over all dates by microsite for each CO 2 treatment.
Post-hoc multiple comparisons between fixed treatment means were tested for differences using the Bonferroniadjusted Fisher's least significant difference (LSD) procedure. Data were tested for normality using the Shapiro-Wilk statistic and transformed when necessary. Linear regressions were used to evaluate changes in total and functional group PLFA-C, fungal-to-bacterial PLFA-C ratio, or functional group relative abundance against soil volumetric water content. Statistical tests were developed in consultation with the Statistics Department at Washington State University, and all tests were performed using SAS 9.1 statistical software (SAS, Inc., Cary, NC, USA). C SOM ) did not change over time (Date, P = 0.090), but was significantly affected by microsite and CO 2 treatments with no treatment interaction effects. Specifically, d
13 C SOM was lower (e.g., more negative) under elevated CO 2 compared to ambient conditions (CO 2 , P = 0.044) and was also more negative in soils under L. tridentata compared to interspace soils (Microsite, P = 0.009) (Figure 1 ). Differences between treatments for the main effects of each microsite and CO 2 factors, however, were less than 0.5‰. The isotopic composition of L. tridentata foliage decreased over time under elevated CO 2 compared to ambient conditions (Microsite*CO 2 , P < 0.0001), indicating that the photosynthetic-fixation of the fossil CO 2 used in elevated plots changed foliar isotopic composition within 4 months after the CO 2 source change (Figure 1 ).
PLFA Biomarker d
13 C and Changes Relative to d 13 C SOM
[19] Twenty-nine individual PLFA biomarkers were identified in Mojave Desert soils across all microsites and CO 2 treatments over the 2 year study period, with 11 general, bacterial, and fungal biomarkers common to all soils at all times plus four actinobacterial biomarkers occasionally present in the different treatments. Stable isotopic compositions (d 13 C PLFA ) for all biomarkers varied by date, with variable effects of microsite and CO 2 treatment for different biomarkers (Date*Microsite*PLFA, Date*CO 2 *PLFA, P < 0.0001; Microsite*CO 2 *PLFA, P = 0.0148). For the 11 common biomarkers, d 13 C PLFA in shrub microsites were more negative than in plant interspace soils for general biomarkers 14:0, 16:0, 18:0; Gram negative bacterial biomarker cy17:0; and Gram positive bacterial biomarkers i15:0, i16:0 (Microsite, P ≤ 0.05). Biomarker d 13 C PLFA was also more negative in soils treated with elevated CO 2 compared to ambient soils for general biomarkers 14:0, 16:0, 18:0; Gram negative bacterial biomarker 16:1w9; and Gram positive bacterial biomarkers a15:0, i16:0 (CO 2 , P ≤ 0.05). No treatment interactions between date, microsite, or CO 2 treatment were significant for these PLFAs. In contrast, significant three-way treatment interactions occurred in general biomarker 18:1w9t and fungal biomarkers 18:2w6c,t and 18:3w3 (Date*Microsite*CO 2 , P ≤ 0.05). For general biomarker 18:1w9t, significant CO 2 treatment differences were more prevalent in soils under L. tridentata than in interspace soils, whereas significant CO 2 treatment effects for both fungal biomarkers occurred more in interspace soils (Figure 1 ). For all three biomarkers, d
13 C PLFA tended to become more negative under elevated CO 2 later during the study period. The d 13 C PLFA of actinobacterial biomarkers were not affected by any treatment factors. (Figure 1 ).
Changes in PLFA d
Soil PLFA Biomarker Abundance and Relative Distribution
[21] Soil volumetric water content (VWC, %) did not differ between microsites or CO 2 treatments, but varied significantly with date (P ≤ 0.0001). Soil VWC ranged from 0.6 ± 0.2% to 13.8 ± 2.4% over the study period (Figure 2a) . Total PLFA-C (mg C g −1 dry soil) contents were greater in soils under L. tridentata compared to interspace soils and varied significantly over time (Date*Microsite, P = 0.0038) (Figure 2b ). Total PLFA-C concentrations were higher under elevated CO 2 compared to ambient conditions in July 2003 interspace soils and in 2004-2005 soils under L. tridentata (P < 0.05). In September 2003, however, total PLFA-C was higher under ambient conditions in shrub microsites only.
[22] Total PLFA-C increased with decreasing soil VWC in both interspace soils and soils under L. tridentata. Specifically, both fungal and bacterial biomarker C abundance increased with decreasing soil VWC, and responses were microsite-specific (Figures 3a-3d) . In interspace soils, the magnitude of responses to soil VWC did not differ between CO 2 treatments for either fungal PLFA-C (y = −0.07x + 1.18; r 2 = 0.34, P < 0.001) or bacterial PLFA-C (y = −0.07x + 1.41; r 2 = 0.19, P = 0.004). Changes in functional group PLFA-C in shrub soils under ambient CO 2 (fungal: y = −0.23x + 3.10; r 2 = 0.69, P < 0.001; bacterial: y = −0.22x + 4.07; r 2 = 0.45, P = 0.001), however, were more sensitive to changes in soil VWC compared to under elevated CO 2 (fungal: y = −0.13x + 2.92; r 2 = 0.23, P = 0.032; bacterial: y = −0.10x + 3.50; r 2 = 0.23, P = 0.033). Fungal-to-bacterial PLFA-C ratios varied by date (P < 0.0001) and microsite (interspace > shrub, P ≤ 0.0573). Fungal-to-bacterial PLFA-C ratios also increased with decreasing soil VWC in interspace soils, with no differences between CO 2 treatment (y = −0.03x + 0.91, r 2 = 0.13, P = 0.021; Figure 3e ). Increases in fungal-to-bacterial PLFA-C ratios with decreasing soil VWC was significant in shrub soils under ambient CO 2 only (y = −0.05x + 0.85, r 2 = 0.51, P < 0.001; Figure 3f ).
[23] The relative abundances of all functional groups varied over time (P < 0.0001) particularly between microsites, with few differences related to CO 2 treatment (Figures 4a and 4b) . The relative abundance of general biomarkers was greater in shrub microsites compared to interspaces in April, September 2003, and February 2005 (Date*Microsite, P = 0.0476). In contrast, the relative abundances of actinobacteria and fungi were greater in interspaces (Microsite, P < 0.01). Functional group relative abundances did not show consistent main or interaction effects of CO 2 treatment, although general and actinobacterial biomarkers showed a marginal response in interspace soils (Microsite*CO 2 ; P = 0.0911 and P = 0.0778, respectively).
Discussion
[24] Changes in the isotopic compositions and relative abundances of PLFA biomarkers indicate that microbial community structure in two dominant soil microsites has shifted in the Mojave Desert over 8 years of exposure to elevated atmospheric CO 2 . We found that fungal biomass estimated by PLFA-C tended to be greater under elevated CO 2 , supporting our first hypothesis and consistent with a controlled growth chamber study using soils collected from −2.0 ± 0.8 −0.6 ± 2.3 −5.1 ± 0.6 −6.5 ± 0.6 −2.5 ± 1.4 −4.6 ± 0.6 −6.8 ± 0.6 −8.4 ± 0.2 16:0 −2.3 ± 1.3 −3.3 ± 0.4 −4.3 ± 0.6 −8.0 ± 0.7 −2.1 ± 1.7 −2.2 ± 0.5 −5.9 ± 0.7 −7.0 ± 0.2 *18:0 −3.9 ± 1.0 −3.9 ± 1.6 −2.1 ± 0.7 −3.0 ± 0.5 −5.8 ± 0.8 −5.3 ± 0.8 −4.5 ± 0.6 −4.5 ± 0.2 *18:1w9t
1.4 ± 0.1 0.8 ± 0.3 −1.4 ± 1.6 −1.7 ± 1.3 1.4 ± 1.2 −1.7 ± 0.7 −3.9 ± 1.4 −2.9 ± 1.1 16:1w9 −0.7 ± 0.3 −4.9 ± 3.0 3.2 ± 1.1 1.5 ± 0.4 −2.5 ± 0.5 −1.3 ± 1.0 −3.5 ± 1.1 1.4 ± 1.1 *cy17:0 −5.6 ± 1.6 −3.4 ± 1.2 −4.3 ± 0.7 −5.3 ± 1.0 −5.1 ± 1.6 −3.6 ± 0.8 −2.8 ± 1.0 −3.9 ± 0.4 *a15:0 2.7 ± 0.6 0.7 ± 0.3 0.3 ± 0.2 −1.6 ± 0.5 0.3 ± 0.3 0.6 ± 0.6 0.5 ± 0.8 −0.3 ± 0.5 *i15:0 1.1 ± 0.3 2.0 ± 1.8 −0.3 ± 0.6 −0.9 ± 0.1 −0.4 ± 0.4 −0.1 ± 0.8 −0.2 ± 0.6 −1.1 ± 0.5 *i16:0 −0.6 ± 1.3 −3.8 ± 0.9 −5.0 ± 0.6 −5.9 ± 0.9 −2.2 ± 0.3 −2.5 ± 0.7 −3.3 ± 0.9 −4.4 ± 0.2 *18:2w6c,t −7.2 ± 0.9 −1.3 ± 0.3 −4.8 ± 0.4 −9.8 ± 0.8 −8.9 ± 1.0 −5.2 ± 0.8 −7.7 ± 1.5 −6.3 ± 0.1 *18:3w3 −10.7 ± 0.6 −0.4 ± 1.0 −8.8 ± 0.2 −12.3 ± 1.6 −8.2 ± 0.8 −7.5 ± 0.9 −9.0 ± 1.0 −12.6 ± 1.6
a Bolded values indicate significant CO 2 treatment differences at each sampling date, and asterisks indicate significant microsite differences (P ≤ 0.05).
this site [Jin and Evans, 2010] . Increases in fungal PLFA-C under elevated CO 2 were also associated with the use of recently fixed C as indicated by changes in the differences between d 13 C SOM and d 13 C PLFA for two fungal biomarkers, supporting our second hypothesis of variable use of recent C by different microbial functional groups. In contrast, negative correlations between total PLFA-C and soil water availability (i.e., volumetric water content, VWC), particularly in interspace soils, did not support our third hypothesis that increased activities in this microsite may be due to increased microbial biomass. Fungal-to-bacterial PLFA-C ratios generally increased with decreasing soil VWC in both microsites, and responses appeared less sensitive to changes in soil water availability in shrub microsite soils exposed to elevated CO 2 . The general negative relationship between fungal-to-bacterial PLFA-C and soil VWC also suggested a greater level of drought tolerance in fungi compared to bacteria, although high levels of variability indicated that other soil physical, chemical, or biological factors (i.e., texture, pH, trophic interactions) are also influencing microbial community structure.
Use of Recent C by Soil Microbial Communities
[25] The lack of an equivalent 13 C tracer in ambient CO 2 plots prevents any straightforward comparisons of changes in specific microbial activity level between ambient and elevated CO 2 treatments [Pataki et al., 2003; Hobbie et al., 2004; Billings and Ziegler, 2005] . Therefore, the use of recently fixed C by microbial functional groups over time and between microsites under elevated CO 2 only was evaluated by calculating the difference between d C label into metabolizable SOM [Billings and Ziegler, 2005] . Thus, D values for a PLFA would remain the same between the ambient and treated soils if elevated CO 2 had no effect on the active microbial community composition.
[26] While significant decreases in d
13
C PLFA were observed in various biomarkers in elevated CO 2 plots, D values indicated that consistent incorporation of newly fixed C occurred only into two general biomarkers (16:0, 18:1w9t) and two fungal biomarkers (18:2w6c,t; 18:3w3). Other biomarkers that showed significant CO 2 effects on D included the general biomarker 14:0, the Gram-negative biomarker 16:1w9, and two Gram-positive biomarkers i16:0 and a15:0. The incorporation of new photosynthate into these biomarkers varied temporally after the CO 2 source change. Occasional increases in D indicated the use of other SOC substrate (e.g., nonlabeled SOC) as measured for Gram-negative biomarker 16:1w9 and fungal biomarker 18:2w6c,t, but general decreases in D later in the study indicated significant use of newly fixed C.
[27] We originally expected larger differences in D values between CO 2 treatments in shrub microsites compared to vegetation-free interspace soils as a result of greater availability of recently fixed plant C. While general biomarker Figure 2 . (a) Soil water content (SWC; g water g −1 dry soil) and (b) total PLFA-C (mg g −1 dry soil) in microsite soils from ambient or elevated CO 2 over time. Data shown are untransformed mean values ± standard error (n = 3). Different letters indicate temporal differences in SWC (P ≤ 0.05), and asterisks indicate CO 2 differences for each microsite type (P ≤ 0.05).
18:1w9t showed greater use of new C in soils under L. tridentata as expected, both fungal biomarkers showed greater use of new C in interspace soils. The latter suggests that recently fixed C is also contributing C substrate for microbial use in resource-poor microsites, possibly from roots extending into plant interspaces. Plant inputs via root exudation, fungal-root litter, or fine root turnover from larger woody vegetation are possible for shrubs such as L. tridentata which can extend its roots beyond 5 m horizontally from the stem base [Jordan et al., 1999; Hartle et al., 2006] . Alternatively, recently fixed C in interspace microsites also could be derived directly through exudates from the cryptobiotic soil crust which contains both autotrophic and heterotrophic organisms, some of which also are capable of N fixation and can be the primary source of N in some arid ecosystems [Evans and Ehleringer, 1993; Evans and Belnap, 1999] . Indeed, the fungal biomarker 18:3w3 found in the present study has also been identified in the N-fixing photobiont of the dominant lichen in biological soil crusts [Bowker et al., 2008] . Thus, significant changes in these biomarkers in interspace soils but not in soils under L. tridentata indicate microsite-specific changes in soil C and N processes in the Mojave Desert in response to increasing atmospheric CO 2 concentrations.
[28] In contrast, the absence of any change in biomarker D values after long-term exposure to elevated CO 2 suggests that (1) certain microorganisms or microbial groups may be more heavily dependent on older soil organic matter (SOM) compared to newer plant-derived C, (2) significant transfer of newly fixed C into the older SOM compartments used by Figure 3 . Soil volumetric water content effects on fungal and bacterial PLFA-C (mg C g −1 ) and fungalto-bacterial PLFA-C ratios in interspace soils and shrub microsites. Relationships did not differ between CO 2 in interspace soils, so data were pooled for regressions. Regression statistics are shown within each panel.
these microorganisms has not occurred within the 2 years following the CO 2 source change, and/or (3) recent photosynthate C allocation into some PLFA biomarkers may have been too low to detect. While quantifying microbial use of specific soil C pools or microbial C turnover is beyond the scope of this study, the absence of changes in D values of actinobacterial biomarkers suggested little to no change in soil C substrates use by actinobacteria. Actinobacteria specialize in metabolizing less labile substrates such as chitin, cellulose, and hemicellulose, particularly in alkaline soils or soils that experience significant water or heat stress [Killham, 1994] . Actinobacteria have been identified as a potential indicator of declines in the quality of the mineralizable SOM fraction under elevated CO 2 , and studies from other ecosystems show an active actinobacterial component in soils exposed to elevated CO 2 [Ringelberg et al., 1997; Billings and Ziegler, 2005; Denef et al., 2007] . In this study however, actinobacterial relative abundance in interspace soils exposed to elevated CO 2 was lower than under ambient conditions. This decrease, coupled with the absence of changes in D values, may signal microsite-specific changes in SOM cycling by actinobacteria in these Mojave Desert soils under elevated CO 2 . Such changes could also contribute to changes in soil N cycling because some actinobacterial species are involved in N fixation [Chalk, 1991; Huss-Danell, 1997] .
Soil Microbial Pool Size
[29] Previously observed increases in microbial substrate use diversity and gross N cycling rates under elevated CO 2 have been attributed to changes in biomass or activity of different functional groups, depending on microsite. Jin and Evans [2007] hypothesized that increases in microbial activity under elevated CO 2 in interspace soils were driven by greater microbial biomass as evidenced by higher microbial biomass N, while higher microbial activity in shrub microsites was due to greater microbial turnover more so than changes in biomass. In contrast to these hypothesized trends, this study showed that total PLFA-C in interspaces was not affected by CO 2 treatment and increased in soils under L. tridentata under elevated CO 2 . These differences indicate that measured changes in microbial biomass N may not translate directly to changes in microbial biomass C (as estimated using PLFA-C). Rather, changes in microbial biomass N, such as those observed in interspace soils, could reflect increases in cellular solute concentrations of N-bearing compounds (i.e., amino compounds) which are used in osmoregulation to cope with drought stress in some microorganisms [Miller and Wood, 1996; Schimel et al., 2007; Williams and Xia, 2009] .
[30] Microsite effects on total PLFA-C were also apparent in negative relationships with soil volumetric water content (VWC). Increasing total PLFA-C with decreasing VWC suggested that soil microbial biomass or membrane materials as biomass were more abundant under drier conditions, reflecting the long-term adaptations that enable microbial communities to maintain and even grow under the environmental stresses imposed [Walker et al., 2006] . Similar increases in microbial phospholipid abundance under dry conditions compared to postprecipitation have also been reported in more arid zones of the Judean Desert [Steinberger et al., 1999] .
Fungal and Bacterial Responses
[31] The magnitude, direction, and timing of microbial biomarker responses in soils exposed to elevated CO 2 were strongly dependent on soil water content and on microsite, consistent with previous studies at this site [Smith et al., 2000; Billings et al., 2002a Billings et al., , 2002b Billings et al., , 2004 Schaeffer et al., 2003 Schaeffer et al., , 2007 Jin and Evans, 2007] and in other ecosystems [Schortemeyer et al., 1996; Montealegre et al., 2002] . Fungal PLFA-C tended to be greater under elevated CO 2 , and though not significant, this trend was consistent with other studies finding greater fungal activity and/or growth under elevated CO 2 [Hungate et al., 2000; Weimken et al., 2001; Phillips et al., 2002; Janus et al., 2005; Lipson et al., 2006; Treseder and Turner, 2006] . Bacterial PLFA-C, however, was unaffected by CO 2 treatment. These results are similar to a study in a chaparral ecosystem [Allen et al., 2005; Lipson et al., 2006] and a temperate grassland [Sonnemann and Wolters, 2005] , but contrast with trends found in another grassland ecosystem [He et al., 2010] .
[32] The ratio of fungal to bacterial PLFA-C was not affected by elevated CO 2 , but both fungal and bacterial PLFA-C increased with decreasing VWC. This negative relationship persisted for fungal-to-bacterial PLFA-C ratios under ambient CO 2 , but the relationship decoupled under elevated CO 2 . The general negative relationship between fungal and bacterial PLFA-C and soil VWC under ambient CO 2 suggests that fungi may be more drought-tolerant than bacteria [Schimel et al., 2007] . Under water-limited conditions, the availability of other soil resources (i.e., N) is also likely to be limited in these desert soils. Compared to bacteria, fungi can maintain their activities under more stressful environmental conditions (e.g., lower nutrient and water availability, osmotic shock during soil wetting events) [Harris, 1981; Holland and Coleman, 1987] and are more efficient in transforming soil C substrates into biomass because of stoichiometric differences [Killham, 1994; Zak et al., 1996] . This relationship also may have reflected faster growth by bacteria relative to soil fungi when the availability of soil water (and subsequently, soil nutrients) increased.
[33] Fungal-to-bacterial ratios are highly dynamic, however, and can reflect multiple covarying factors [Hungate et al., 2000; Strickland and Rousk, 2010] . Functional groupspecific responses that affect soil trophic interactions could also contribute to changes in fungal-to-bacterial dominance. For example, differences in the drought tolerance of bacterivorous or fungivorous protozoan and nematode populations could also affect fungal-to-bacterial ratios by differentially affecting rates of predation on soil bacteria or fungi which can alter soil C and N cycling [Bouman and Zwart, 1994] .
[34] While the impact of elevated CO 2 on fungal-tobacterial ratios is not straightforward and will also depend on other factors (i.e., moisture, temperature, nutrient availability and their interactions) [Castro et al., 2010] , we found that changes in fungal-to-bacterial PLFA-C ratio became less sensitive to decreasing VWC in soils exposed to elevated CO 2 compared to ambient conditions in shrub microsites, but not in interspace soils. The increased variability in fungal-to-bacterial responses under elevated CO 2 illustrates the difficulty in partitioning causality among many correlated factors [Strickland and Rousk, 2010] , which is further complicated by both temporal and spatial extremes in resource availability in this extreme desert environment.
Conclusions
[35] Overall, the transfer of plant C recently fixed from fossil CO 2 sources was evident in two general and two fungal biomarkers in soils treated with elevated CO 2 compared to ambient soils. Fungal and bacteria PLFA quantities with elevated CO 2 depended strongly on soil microsite and water availability, illustrating how temporal and spatial heterogeneity in resource availability as well as in the distribution of soil microbial communities themselves interacted to affect microbial community responses to elevated atmospheric CO 2 in this pulse-adapted ecosystem.
[36] Because the capacities for growth, nutrient acquisition, or activity levels are likely to differ between microbial species within any functional group [Billings and Ziegler, 2005] , broad changes in the composition of microbial biomarkers could indicate potential changes to processes that are mediated by these microorganisms [Hungate et al., 1996; Montealegre et al., 2002; Janus et al., 2005] . The negative relationship between soil VWC and PLFA-C suggested a greater abundance or biomass of soil microorganisms under drier conditions, reflecting the long-term adaptations that enable microbial communities to maintain and even grow under the extreme environmental stresses imposed. Increases in fungal PLFA-C and water-related shifts in fungalto-bacterial ratios may have also contributed to measured increases in fungal-associated extracellular enzyme activities [Jin and Evans, 2007] . While other covarying factors are likely to influence microbial functional structure, our data suggest that fungal responses to changes in soil water availability may be key to how soil organic C and nutrients are cycled in this desert ecosystem. Further, the strong control exerted by soil water availability on soil fungal and bacterial abundances emphasize the importance of stress on microbial responses to environmental changes, such as elevated atmospheric CO 2 , particularly in extreme environments.
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